Despite large genetic differentiation among neighbouring populations of many freshwater zooplankton species, a macrogeographical homogeneity of allozyme variation is generally observed. A study on breeding systems in Scandinavian populations of Daphnia pulex suggested a latitudinally related cline in breeding system with both diploid cyclic parthenogens and diploid obligate parthenogens at the latitude of 60 -61 °°°° N. Variation at neutral markers may be more affected by selection at linked loci in such species than in strictly sexual species. In this paper I present a study of variation at five microsatellite loci in a total of 34 populations from small ponds and rockpools on both sides of the Baltic Sea at 60 -61 °°°° N. Two major groups, which may represent different species of the D. pulex complex, are defined with the microsatellites. Neighbouring populations show both similar and well differentiated genetic composition. Populations separated by larger geographical distances show only a large differentiation and a macrogeographic pattern. The large differentiation observed at small distances can be explained with small effective population size: variation at the microsatellite loci has been shaped by population bottlenecks followed with expansion in size, and possibly by selection. No conclusive evidence is found for obligative parthenogenesis.
Introduction
Cyclically parthenogenetic species, such as Daphnia are of interest for studies on evolution of sex and on the effect of linkage, which is magnified during the period of asexual propagation (Deng & Lynch 1996) . Cyclically parthenogenetic populations usually show few deviations from Hardy-Weinberg for single loci and a large number of multilocus genotypes (Innes et al . 1986; Hebert et al . 1988) . In contrast obligatively asexual populations typically consist of only few multiple-locus genotypes and show excess or fixed heterozygosity at several loci (Innes et al . 1986; Ward et al . 1994) . Similar patterns can, at least in an extreme situation, be created by associative overdominance resulting from a linkage and deleterious mutations in small sexual populations ) and occur more easily in cyclical parthenogens (Pálsson 1999) . The linkage effect and the mode of reproduction can in turn affect estimates of genetic divergence of populations (Charlesworth et al . 1997; Pamilo et al . 1999 ). In addition, genetic composition is shaped by nonequilibrium dynamics as frequencies may change due to rapid population growth following a bottleneck event and have a long lasting effect on the estimate of genetic divergence (Boileau et al . 1992; Boileau & Taylor 1994; Nürnberger & Harrison 1995) .
Several studies of genetic variation (of allozymes and mitochondrial DNA) in Daphnia and other planktonic organisms that live in temporary freshwater habitats have revealed large differences in gene frequencies among populations in close proximity to one another (Innes 1991; Crease et al . 1990 ) but a lack of macrogeographical differentiation (Hebert et al . 1993; Weider et al . 1996; Crease et al . 1997; Weider et al . 1999) . Such patterns may possibly be a residual effect of founder events involving small number of propagules (Boileau et al . 1992 ) from neighbouring populations or rare long-distance migrants (Ibrahim et al . 1996; Rousset 1997) . Studies of mitochondrial DNA (mtDNA) variation have given support to the latter explanation (Weider et al . 1999 ).
Most studies of Daphnia pulex have focused on variation in populations from North America and Arctic regions. A complex pattern has arisen from these studies, with several taxonomic groups within the D. pulex species complex (Colbourne & Hebert 1996; Colbourne et al . 1998; Weider et al . 1999 ) and geographical clines in breeding systems of sexual and obligatively asexual populations (e.g. Hebert et al . 1993) . A previous study of D. pulex populations in Scandinavia suggested that a transition zone might exist, or a mixture of sexual and asexual populations at intermediate latitudes (60-61 ° N) in central Sweden and southern Finland (Ward et al . 1994 ), more northern populations being obligatively asexual, whereas populations from southern Sweden being cyclic parthenogens.
In this paper I look at microsatellite variation in Scandinavian populations of D. pulex inhabiting small ephemeral pools, where the frequency of sexual reproduction can vary and populations are prone to extinction and recolonization (Pajunen 1986; Bengtsson 1991 ). I examine: (i) whether the populations are obligatively asexual; (ii) whether the variation suggests selection at linked loci or nonequilibrium dynamics; (iii) if the microsatellites reveal clearer macrogeographic patterns and isolation by distance than described with other markers; and (iv) how the variation within population affects genetic divergence between populations.
Materials and methods

Samples
Samples from five areas, corresponding to 37 ephemeral pools in total, were scored at five microsatellite loci (Table 1) . Individuals were sampled with a dipnet or a small container and identified in the laboratory. The samples come from: (i) southern Finland, five pools on three different islands in Tvärminne archipelago and two populations in Turku and its surrounding area; (ii) along the coast of Northern Uppland in Sweden and Åland, six localities (15 pools); (iii) Uppsala, five localities (11 pools) (Fig. 1) ; and (iv) Crail, Scotland (3 pools).
Three pools in Uppsala were sampled more than once. S1 in 1996 and 1997, U in 1996 and three times in 1997, and S2 in 1996 and 1998 . Three ponds (S2, B1 and B2) sampled in 1996 in Uppsala had no Daphnia in 1997, and two pools (B3 and B4) which had Daphnia in 1997 had no Daphnia in 1996. Pools in Tvärminne, Northern Uppland and Åland are small rock bluff pools, from less than 1 m up to 3 m in diameter, close to the sea level and some have been studied ecologically by Pajunen (1986) and Bengtsson & Ebert (1998) . The pools from the botanical (B) and genetical garden (T) in Uppsala are man made, founded in the fifties and are each about 1 m in diameter. Tk and Tu in Turku are the largest pools, about 10 × 5 and 10 × 15 m 2 , respectively, the latter a duck pond established in the sixties and emptied every five years, and the other in an agricultural land. Four populations in Tvärminne (M16, M30, Sk, and N) are recently established populations (V.I. Pajunen, personal communication) . Most populations were sampled within the period from late May to early July. Samples from Tvärminne were taken in August, and one sample from Turku (Tu) was taken in the middle of September.
No Daphnia pulex were found from north of Uppland, along the coast, up to Härnösand at 62 -63 ° N.
Genetic analysis
DNA was extracted from individuals (either fresh or frozen tissue) by soaking them in 50 µ L 6% chelex solution for 3 h, then vortexed briefly and boiled for nine minutes and centrifuged. Samples which had been stored in ethanol were prewashed with water. Samples were stored over night and then 2 µ L were used for polymerase chain reaction (PCR) amplification in a total volume of 10 µ L. Five pairs of primers, Dpu7, Dpu40, Dpu45, Dpu46, and Dpu122 (available at g en b ank / EMBL under accession nos: AF233359 -AF233363, Colbourne 2000) were used, amplifying all to about a 120-bp fragment, including dinucleotide repeats except Dpu122 which amplifies a trinucleotide repeat. Primers were end-labelled with [ γ -33 P]ATP. PCR reactions were carried out with final concentrations of 1 µ m dNTP, 1.5 m m MgCl 2 , 1 m m primers, with 5% end-labelled of the other primer, 0.25 units/reaction of Taq DNA polymerase from Dynazyme and MBI Fermentas. PCR amplifications started with denaturation for 2 min at 93 ° C and 30 cycles followed with 30 s at 93 ° C denaturation, annealing at 52 -55 ° C for 30 s extension at 72 ° C for 1 min. Last extension was for 10 min. Microsatellite alleles were amplified, resolved on denaturing gel and visualized using audioradiography.
Data analysis
Variation within populations . Allele frequencies and unbiased heterozygosity (Nei & Roychoudhury 1975) were calculated for each sample, the conformity of genotypic frequencies with Hardy-Weinberg expectations and linkage disequilibrium between locus pairs were tested using the program genepop version 3.1b (Raymond & Rousset 1995) .
To detect whether populations are asexual I followed the guidelines given by Hebert et al . (1988) , based on the departures from Hardy-Weinberg frequencies and on the number of observed genotypes. First, I calculated the log 10 -transformed probability that the observed genotypic distribution follows the Hardy-Weinberg expectation and the mean log 10 ( P i ) over the loci. Second, the genotypic ratio (GDR) was calculated as the ratio of the number of observed genotypes to the number of possible genotypes expected in a sample of the same size, assuming independent segregation of the loci (Hebert et al . 1988 ). In each sample, the allele frequencies were used to generate the mean expected number of genotypes from 100 repeated samples using a computer program written in s-plus . Populations with -log 10 ( P i ) greater than 2.0 (i.e. when the average probability of a population being in HardyWeinberg < 0.01) and GDR less than 0.5 are regarded as obligatory asexual. For -log 10 ( P i ) > 2.0 and GDR > 0.75 populations are considered cyclically parthenogenetic. If 0.5 < GDR < 0.75 the breeding system is uncertain (Hebert et al . 1988 (Hebert et al . , 1993 . Third, following the method by Hebert & Wilson (1994) , t -tests for comparisons of single samples against the corresponding means and variances, were carried out for the observed and expected number of genotypes. The number of genotypes has been shown to increase almost linearly with sample size in sexual populations, whereas the ratio of clones to population size is much lower in asexual populations.
Variation between populations . A multidimensional scale plot, also known as principal coordinate analysis (Venables & Ripley 1994) was drawn based on distances ( D sh = 1 − P ) were P is the proportion of alleles shared between populations (Chakraborty & Jin 1993) . A neighbour-joining tree (Saitou & Nei 1987) was drawn using D m , a distance based on the probabilities of obtaining two identical alleles from the two populations compared (Takezaki & Nei 1996) . Population structure was estimated by calculating F ST (Weir & Cockerham 1984) and ρ ST or Φ ST an analoque to F ST , based on the variance in allele sizes (Michalakis & Excoffier 1996; Rousset 1996) , for all populations and for pairwise comparisons between populations using genepop (Raymond & Rousset 1995) and arlequin 1.1 (Schneider et al . 1997 ) for analyses of molecular variance ( amova ) (Excoffier et al . 1992) . Φ ST differs from Slatkin's (1995a) R ST or the distance by Chakraborty & Nei (1982) (see Kimmel et al . 1996) , in the same way as F ST from G ST as it is a weighted average of differences among alleles between different populations, instead of a weighted average of differences among alleles drawn at random from the whole collection of populations. As the amount of differentiation measured with F ST is limited by total heterozygosity, the ratio F ST /(1 − H S ) is used, where 1 − H S is the maximum value of F ST, and H S is the average heterozygosity within populations (Hedrick 1999) .
Following the method of Paetkau et al . (1997) an assignment test written in C is used to calculate the probability that individuals may originate in a different population. The program migrate , a Monte Carlo Markov chain method based on the coalescent theory (Beerli & Felsenstein 1999) was used to estimate the products of effective population size and mutation rate ( N µ ) and effective population size and migration rate ( Nm ).
Several methods have been proposed to measure genetic distances for microsatellite markers. In this paper I compare distances based on the infinite allele model
, and D LR a distance based on a likelihood ratio of pairwise assignments according to Paetkau et al . (1997) ], and distances based on the stepwise mutational model (SMM), i.e. on the number of repeat differences ( δµ ) 2 (Goldstein & Pollock 1997) and Φ ST (see above). Although the distances based on the number of repeats are promising as they make more use of the phylogenetic information of the data, they have been shown to perform worse than IAM-based distances for some datasets (see Goldstein & Pollock 1997) . Both classes of distances are dependent on population size, the SMM-based distances however may be more sensitive to population changes because of their dependency on allelic differences and the mutational model and simulations have shown that they may be more affected by selection against deleterious mutations at linked loci (Slatkin 1995b; Pálsson 1999) .
The significance of correlations of the geographical distance with different genetic distances was tested with the Mantel test (Mantel 1967) . Isolation by distance was studied further with a method extended by Rousset (1997) where the slope of a regression line of F ST /(1 − F ST ) on small geographical distance provides an estimate of the product of population density ( D ) by the second moment of the parental axial distance of dispersal ( σ 2 ).
To examine whether population expansion has affected the genetic variability I applied the method developed by Kimmel et al . (1998) which contrasts two estimates of θ = N e µ based on homozygosity ( ) and variance in allele size ( ), by . Population expansion Fig. 1 Map of the sampling localities on both sides of the Baltic Sea. Letters denote the locations as listed in Table 1 .
following a bottleneck or a mixture of distinct alleles causes an imbalance between variance and homozygosity, such that ln B > 0. Such a deviation may also result from a violation of the single step mutational model, or balancing selection (resulting in excess of old mutations). I also look at lnβ for each loci as if selection at linked loci are affecting the observed differences in heterozygosity and variance it would result in a loci dependent results. The method of Schlötterer et al. (1997) was used to test the locus*population interaction for variance in allele sizes. Assuming neutrality and a stepwise mutational model the interaction should be nonsignificant, differences among loci within populations however could be observed due to different mutation rates, and among populations due to different population sizes (Chakraborty et al. 1997; Schlötterer et al. 1997) .
Comparison of statistics which rely on the homozygosity (e.g. F ST , D m ) and on the variance of allele sizes (Φ ST and (δµ) 2 provides insight into the causes shaping the variation, i.e. if F ST < Φ ST alleles within populations are similar in size, and if F ST > Φ ST the populations have alleles widely varying in length. Furthermore, such a comparison links these statistics with the result from a test by Kimmel et al. (1998) , which compares directly the variance and homozygosity within each population. If Φ IS is larger than F IS it may be due to little variance in allele size within population, but may also be due to differences in the total variation.
Tests of partial correlation between average heterozygosity within populations and genetic differentiation (with geography kept constant) were carried out by correlation of residuals from linear regression of the two variables on a matrix of geographical distances. A significant relationship may explain the scatter in divergence, i.e. a large deviation from the regression line could result from small population size or newly founded population.
Results
Variation within populations
Genetic variation was found within all populations with one exception, with a mean heterozygosity of 0.350 (s.d. = 0.1418) ( Table 1 ). The number of genotypes increased almost linearly with the sample size (r = 0.836, P < 0.0001), except for Sk, N, M30, B1 and Sc1 which only had 1-3 genotypes. Diversity measures were less affected by sample size, the correlation between heterozygosity and sample size being nonsignificant (r = 0.061, P < 0.719). Allelic variation can be explained mainly by differences in the number of repeats, but in populations from Uppsala and Finland there is a single nucleotide difference between two alleles at locus 45.
Allelic combinations at the loci 40, 45 and 122 showed significant deviation from Hardy-Weinberg, when the results were summarized over loci (Fisher combining probability test, P < 0.0001), and the locus 46 was marginally significant (P < 0.0089). Five populations deviated clearly from the Hardy-Weinberg expectations (B1, Tk, Tu, Sc1 and Sc2) and a few others had probabilities in the range of 0.05 -0.001, which are nonsignificant with the Bonferroni correction (Sokal & Rohlf 1998) ( -log 10 (P i ) larger than 2.0 were found in populations GB, Sc1, B1 and Tu, indicating a general deviation from HardyWeinberg in those populations (Table 1) . Significant linkage disequilibria (with the Bonferroni correction) were found only in two populations B3 and O1, with P < 0.001. B3 had linkage disequilibrium between all loci (P ranging from 0.0005 to 0.0190). Summarizing the results over all populations gave a significant linkage disequilibrium for loci 45 and 46. However, the overall significance disappeared when the O1 population was left out (P < 0.189). Most populations had a GDR ratio close to one (Table 1) , and 0.5 < GDR < 0.75 in O1, Tk (significant by t-test) and Sc3, and GDR < 0.5 in B1, B3, and Sc1 (all significant by a t-test). Tk showed an excess of homozygosity, B1, B3 and Sc1 showed an excess of heterozygosity.
Temporal variation
Samples taken at different time points from three pools in Uppsala showed similar genetic composition at the different time points sampled. F ST between years 1996 -1997 were 0.0197 and 0.0142, and from 1996 -1998 was 0.0207. Φ ST for the same data was -0.0142, 0.1057 and -0.0057. Three samples taken from the same pool with one month interval had F ST and Φ ST of -0.0163 and 0.0360. The divergence from the population sampled in 1996 increased slightly during 1997 F ST : (0.0001, 0.0133, 0.0467). Result from the assignment test indicated that approximately 30 -60% of a population sampled at one time had a higher probability to originate in the population sampled in 1996. As these values do not indicate large fluctuations over the time period studied, these replicate samples were pooled and used as one sample in the study of spatial variation.
Variation between populations
Estimates of genetic distances. The different estimates of genetic distance, D sh , D m , and D LR , separate the populations into groups corresponding to their geographical area, except for two populations from Uppsala (S2, T) which cluster with populations from Northern Uppland. On a multidimensional scale plot of sh, D two major groups (I and II) are observed, separated on the first axis (Fig. 2) . These groups do not coincide completely with the geography. The first group comprises the Finnish populations from Tvärminne and Turku, and also most of the populations from Uppsala. The second group comprises populations from the coast of Northern Uppland and Åland, two populations from Uppsala and, loosely, the samples from Scotland. A plot of D LR and D m (drawn with a neighbour-joining tree) give a similar pattern (Fig. 3) , suggesting a separate status of the Tk sample and the samples from Scotland, whereas the Tu sample cluster closer to the Tvärminne samples. A noteworthy pattern is the large differentiation among the populations within Tvärminne, which may result from the low number of genotypes observed in three populations (N, Sk and M30) and between the two populations from Turku. The separation of the two main groups is further supported by incomplete number of repeats between the two groups, at loci 45, 46 and 122, e.g. the difference can be one or three nucleotides when the repeat length is two. This explains why the (δµ)2 distances, which are based on the number of repeat differences, do not reveal well the split of the two groups (not shown). Insertions or deletions must have occurred at these loci in the genealogy of these groups. However, populations from both Uppsala and Finland are polymorphic for the insertion/deletion variation at locus 45. In addition, a lower annealing temperature for the PCR reaction was required for loci 7 and 40 in group II.
The distances D m , D sh , F ST and D LR are highly intercorrelated (r = 0.719 -0.902) but correlate less with (δµ) 2 and Φ ST which both take into account the differences in repeat size (r = 0.206 -0.700).
The further analyses of population structure are carried out separately for the two major groups (I and II) which may represent different evolutionary lineages, or subspecies, of the Daphnia pulex complex. Populations with fewer than 10 individuals sampled are excluded from these analyses, and also Tk, as it is only loosely associated to group I and had a small number of clones (a low GDR-value). The other populations, B1, B3, and Table 1. Sc1 which had a low GDR value are included as the multidimensional plots based on each loci classified them within the separate groups I and II.
Estimates of population structure. Table 3 presents a geographical subdivision of the variation found in the two groups, analysed with two methods, one based on heterozygosity (F) and the other on variance in allele size (Φ). Regions include populations from the main geographical areas, see Table 1 , Uppsala was regarded as a single region. The F analyses show that most of the variation can be explained by variation within populations (51 and 62%, Fig. 3 Neighbour-joining tree based on D m for the 37 populations sampled, presented with bootstrap values larger than 50%. Letters refer to locations listed in Table 1 . (Table 4) . Second, there are larger differences among populations within regions in group I than in group II (Table 3) .
Pairwise comparisons of genetic differentiation and geographical distances.
The relationship between the estimates of subdivision, F ST or Φ ST , and geographical distance was not significant at the smallest scales, i.e. in Ängskär and Uppsala (P < 0.710 and 0.745, respectively). At a larger geographical scale the relationship became significant, except for Φ ST in Uppland. The range of pairwise F ST values varies with geographical distance, with the upper values around 0.7 and 0.6 in the two groups (Fig. 4a,c) . The lower values increase with distance from close to 0 up to 0.2 in group I, but increase almost linearly from close to 0 up to 0.4 at 120 km distance in group II. The large scatter of F ST -values at small distances results in a poor estimate of isolation by distance as measured with linear regression on geographical distance which, at best, explains less than 40% of the total variance.
A linear regression of F ST /(1−F ST ) on logarithm of geographical distance gave similar regression coefficients in the two groups, I and II. The estimate of the product of Dσ 2 (the inverse of the regression slope) drops from 135.3 and 129.6 individuals within Uppsala and along the coast of Uppland, respectively and down to 9.8 and 18.7 individuals in the whole datasets.
Genetic distances which are based on heterozygosity correlate more with geographical distance than those based on allele size differences (Table 5) . Distances based on repeat differences (δµ) 2 and the number of shared alleles (D sh ) correlated significantly with the geographical distance among the Uppsala populations, whereas the other distances were not. Correlations increased substantially for Φ ST and (δµ) 2 , when the Scottish populations were included (with r = 0.665 and 0.726), showing a separation in number of repeats. The results from the assignment test included in Table 5 (and in Fig. 4 ) gave a strong indication of isolation by distance, at the smallest scale the probability obtained with the Mantel test was close to being significant in Uppsala and was significant in Ängskär. The assignment test shows that individuals may have zero probability to originate from neighbouring populations as well as more distant ones. However, the putative immigrants, when they do exist, have the highest probability to originate from nearby populations and the probability reduces almost linearly with distance at the coastal populations, but has low values already at short distance for the Uppsala populations.
The estimates of 4Nµ and 4Nm, estimated with migrate (Beerli & Felsenstein 1999) were in a similar range, in group I: 4Nµ = 0.15 -6.37 and 4Nm = 0.01-3.59 and in group II: 4Nµ = 0.11-4.64 and 4Nm = 0.38 -4.68. The estimates of 4Nµ were generally slightly larger (with an average of 1.089 and 1.182) than the 4Nm (with an average of 0.827 and 0.874) in the two groups, respectively, and a Wilcoxon test showed a sinificant difference (P I = 0.0123 and P II = 0.0001). Several populations were found to be of unequal size (as observed in the range of 4Nµ) and rate of migration was found to be asymmetric as well, a more than threefold difference was found in about 20 and 40% of all pairwise comparisons. The number of migrants estimated with migrate decreases with distance, except within Uppsala, 
Heterozygosity and variance in allele size
The estimate of population expansion In B was positive and close to one for most populations (tested for samples with N > 10), five populations had In B in the range of All values, unless indicated, were significant at the second (P < 0.01) and third significance level (P < 0.001). ns, not significant.
-0.15 -0.20. Estimates for each locus varied within both groups (P < 0.001), and although negatively biased (Kimmel et al. 1998 ) the ratio for loci Dpu46 and Dpu122 were on average larger than zero in group I and for all loci in group II, except locus 40 which had a ratio less than zero (Fig. 5) . The deviations in In B were mainly due to differences in variances in allele sizes, which correlated significantly (but not the heterozygosities) with In B. The trinucleotide locus (Dpu122) was found to be more variable than the dinucleotide loci both in size-variance (P I < 0.0001 and P II < 0.0081) and in heterozygosity (P I < 0.0058 and P II < 0.0114) (by the Wilcoxon test for the two groups), whereas differences among the dinucleotide loci were nonsignificant by the Kruskal Wallis test, indicating a higher mutation rate at the trinucleotide locus, a result consistent with motif-type-specific mutation rates (Chakraborty et al. 1997) . A significant locus*population interaction was found for variance (P < 0.001) with the test by (Schlötterer et al. 1997) for group I.
Variation within populations and differentiation
Correlation between heterozygosity and pairwise F ST is found to be negative with the product-moment correlation r equal to -0.857 and -0.660 for the two groups, I and II, respectively, with P < 0.001 (Table 5) . As an example of the dependency of divergence on heterozygosity a single population in Tvärminne (Sk) which had only one genotype had a F ST = 0.9 based on comparison with another population in Tvärminne (M30).
When F ST is standardized with 1−H S , i.e. with the maximal F ST possible, the correlation between F ST and geographical distance increases, the slope of linear regression line increases by 26 and 59% in group I and II, respectively, and the residual variation correlates less with heterozygosity within populations (Table 5) 
Discussion
The study describes two well differentiated groups of populations, putatively separate lineages or subspecies of the Daphnia pulex complex. One group inhabits the coast of Northern Uppland and is found in lower numbesr in Uppsala, and also in Scotland. The other group is dominant in the pools in Uppsala and is found in southern Finland. Populations in both of these two groups, which live in similar habitats have been referred to as D. pulex, in Finland by Pajunen (1986) and Ward et al. (1994) , and from Northern Uppland by Bengtsson (1991) . The populations in Scotland (group II) and one population in Turku (group I) differed from the other populations in their respective groups indicating further genetic heterogeneity.
Little evidence is found for the existence of obligatively asexual populations, and the few cases of low GDR and departure from the Hardy-Weinberg equilibrium may have other explanations. Sk15 which had only a single genotype comes from a pool which often has no Daphnia but gets daphniids when nearby pools overflow, and N and M30 are recently founded populations (V.I. Pajunen personal communication). The Scottish populations are from a man made environment, i.e. from a market of aquatic plants and may indeed be a sample of different areas or markets, that may explain the excess of homozygotes observed. The populations in Botanical gardens in Uppsala appear to be unstable, B1 and B2 were only found in 1996 but not in 1997, and B3 and B4 were found in 1997 but not in 1996. B3 which had linkage disequilibrium may, therefore, be a recently colonized population. B1 had a single heterozygotic genotype and is the single population which fulfils the criteria of being obligatively asexual, but is sharing the same alleles as neighbouring populations which suggests a bottleneck event rather than long-term asexuality. Tu which showed a deviation from Hardy-Weinberg was sampled in the middle of September, and selection at linked loci may have shaped the allele frequencies, an indication of a deviation from neutrality is also observed with test by Schlötterer et al. (1997) .
The variances in allele sizes were generally larger than expected on the basis of the heterozygosity, as explored with the test by Kimmel et al. (1998) , and were largely due to differences in size-variance. This result can be explained with expansions in population sizes after a bottleneck or admixture of different allele sizes possibly by long distance migration. Considering the effect of asexual propagation and the apparent nonstability of the populations, changes in population size seem a plausible explanation, however, different patterns are observed at different loci. Such locus-specific patterns may result if the assumptions of the mutational model (i.e. single steps) are violated, and selection at linked loci may also contribute to them (see below). The selective explanation is supported by the locus*population interaction found for the allele-size variance in group I, by the test by Schlötterer et al. (1997) , as deviation from the mutational model should be similar in different populations. As size-variance integrates past events it may better reflect significant deviations from mutation-drift equilibrium than heterozygosity, which is more dependent on recent events, and may be homogenizing the older deviations.
Selection may have favoured individuals with heterogeneous genetic background, because they may have reduced probability to be homozygous for deleterious mutations. This possibly led to associative overdominance at neutral markers, maintaining distinct lineages of microsatellite size classes within the population, and possibly contributed to the observed size-variance which exceeded that expected on the basis of heterozygosity. Such an effect would be strengthened in small populations or during a bottleneck and with asexual propagation (Pálsson 1999) . A severe bottleneck will give a pattern similar to the one expected under hitchhiking, where selection will favour one genotype or lineage, such an event may explain the negative lnβ at locus 40 in group II. Fluctuating selection, as proposed by Lynch (1987) may also contribute to the high size-variance by maintaining different allele lineages.
This study showed larger subdivision between populations than described by previous studies based on allozymes and mtDNA (Table 6) , and a strong relationship was found between genetic differentiation and geographical distances. The result from the amova may be interpreted in a similar way as that obtained from studies on allozymes (e.g. Hebert et al. 1993) , i.e. there is lack of macrogeographic patterns as there is more difference among populations within a region than among regions. However, a comparison of the F ST and Φ ST values (Table 3 ), shows that alleles of similar size tend to co-occur in neighbouring populations. A clear isolation by distance is observed in this study and a macrogeographic pattern is found. The reason for the different results obtained in this study may be that a more variable marker is studied here. Average H S within populations in this study was 0.350, larger than observed in most studies in Table 6 , but similar to the one found by Lynch et al. (1999) which was based on allozymes and microsatellites. As the H S values obtained in the allozyme studies are highly locus dependent (with one or two highly variable) the differences can be explained partly by the selection of loci included in the studies, e.g. five of the loci which were monomorphic in D. pulex (Crease et al. 1997) were not included in the study by Innes (1991) .
As microsatellites show more variation, due to higher mutation rate, they may be more useful to detect recent isolation by distance and macrogeographical patterns than allozymes and mtDNA, which may better reflect the origin of the colonization. Increased mutation rate may, however, lead to increased estimate of Nm, if Nµ is ignored, as the estimation of migration from the pattern of differentiation among populations is confounded with the mutation rate, i.e. from Wright's (1943) island model F ST = 1/(1 + 4Nm + 4Nµ). The increased variation within population due to mutation sets also an upper boundary to the value of F ST as it is at maximum equal to 1−H S (the effect of such a upper bound is even more pronounced if one divides F ST with (1−F ST )). In some cases, e.g. in the comparisons between groups I and II, estimates of F ST reach the maximal values. As 4Nµ estimated by migrate (Beerli & Felsenstein 1999) is equal (or slightly larger) than the estimate of 4Nm, the estimate of Nm obtained by ignoring the mutational effects, Nm = (1−F ST )/(4F ST ) can be divided with two. Furthermore, as shown also with the migrate program, the assumptions of Wright's island model appears to be violated by the asymmetry of migration rates and unequal population sizes. This is also suggested by observed heterozygosities and by isolation by distance. The use of the island model to estimate number of migrants may therefore be misleading.
Patterns of differentiation do not support the hypothesis of long distance migration, as populations separated with (Pálsson 1999) . A frequency differentiation can be substantial in the case of a severe bottleneck, with few founders (K) drawn at random from the gamete pool, F ST = 1/(2K) (Slatkin 1977; Wade & McCauley 1988) and time of decay resulting from migration can be slow (Wright 1951; Boileau et al. 1992; Boileau & Taylor 1994) . Nearby pools can also be similar with low F ST , given large enough gene flow between them or founding of neighbouring populations by the same genotype. The large and significant negative correlation between heterozygosity within populations and the deviation of F ST and several other genetic distances from the regression on geographical distances supports this explanation. Chakraborty & Nei (1976) showed that population bottlenecks can cause a marked increase in genetic distance. The sensitivity of genetic distances to bottlenecks may vary, distances which are less dependent on frequency of different alleles but rely on the state or size of the allele such as on number of shared alleles (D sh ) may better reflect the time of divergence. Paetkau et al. (1997) reported a similar relationship between genetic distances and H as presented here, and explain the lack of correlation between (δµ) 2 and H with a high variance in allele size rather than any immunity to diversity effects. This is supported by the result from the test by Kimmel et al. (1998) (see above) and the loci*population interaction for variance. The larger dependence on the mutational model and the events in the past as discussed above may explain the weaker relationship found for both Φ ST and (δµ) 2 and geographical distance, than for other distances relying on heterozygosity which reflect more recent dynamics and show clearer isolation by distance. This may indicate a poorer performance of the SMM-based distances, which in addition are difficult to apply in comparison of the two groups due to the incomplete numbers of repeat differences.
Conclusion
Migration over long distance as a cause for local differention in Daphnia pulex is not supported by this study. The large scatter seen in F ST values or in differentiation among nearby populations reflects local dynamic which affects the heterozygosity within the populations and thereby the level of divergence. Bottlenecks due to founding events of one or few propagules may result in a large differentiation between nearby populations and these founders are more likely to originate in the vicinity of the pool than further away.
An imbalance is detected among variation in allele frequencies and in allele sizes and this affects genetic distances which are based on either of those sources of variation. The imbalance may reflect fluctuation in population size and selection at linked loci, reinforced by clonal selection.
